I. INTRODUCTION
In recent years, much attention has been paid to advanced sensorless drive systems that have the capability of controlling position, speed and/or torque of an ac motor from a standstill to a high-speed range without any shaftmounted sensors. Some schemes based on high-frequency signal injection have been proposed to estimate rotor position or flux position of an ax: motor [1]- [6] .
The authors have proposed an approach to real-time position estimation based on magnetic saliency of an interior permanent magnet synchronous motor (IPM motor). The approach, without any special signal injection, is capable of calculating the inductance matrix including the information of the rotor position from current harmonics produced by switching operation of a PWM inverter driving the IPM motor. As a result, the rotor position can be estimated at every period of pulse-width-modulation 171.
fithermore, -an experimental position control system has been implemented and tested, introducing a novel PWM scheme using redundant voltage vectors to estimate the rotor pasition in a lower-speed range including standstill. Some experimental results have shown that the experimental system has the function of electrically locking the loaded motor shaft, and provides a position response as fast as about 20 rad/s [8] . However, in the case of using only a PWM pattern consisting of six non-zero voltage vectors, the maximum output voltage of the PWM inverter is restricted to half of the rated voltage.
This paper aims at expanding the speed range capable of estimating the rotor position to the higher-speed range, a p plying the approach to real-time position estimation based on magnetic saliency. When the amplitude of a voltage reference vector is larger than half of the rated voltage, the controller selects a suitable PWM pattern among six PWM patterns each of which contains four voltage vectors including a zero vector. As a result, the selection of the PWM pattern makes it possible to drive an IPM motor and to estimate the rotor position in a wide-speed range from zero to the rated speed. An experimental system consisting of a 1WW IPM motor and a voltagesource PWM inverter is constructed to confirm the effectiveness and versatility of the switchover of the PWM patterns. Experimental results show that excellent position-estimating characteristics are achieved over a wide speed range from zero to the rated speed (1500 rpm).
This paper also discusses accuracy of position estimation based on magnetic saliency. Analytical results show estimation errors that are originated from quantization error of an A/D converter, magnetic saliency ratio, and gain errors in a current sensor and an analog circuit.
POSITION ESTIMATION BASED ON SALIENCY
A . Principle of Estimation Fig.1 (a) shows an equivalent circuit of an IPM motor. Here, U, i and eo mean the motor voltage and current vectors, and the back electromagnetic force vector on the stator coordinates, respectively.
When the PM motor is driven by a voltage-source PWM inverter, the motor current contains a small amount of harmonic current. The voltage and current vectors can be separated into the fundamental and harmonic components. Because the resistive voltage drop can be neglected, the harmonic equivalent circuit can be approximated by (1)
The above equation indicates that the inductance matrix L can be calculated from the harmonic components of the motor voltage and current vectors, so that the rotor position can be estimated.
The average voltage vector of the PWM inverter is Here, the "LM" in the above equation is the left pseudo inverse operator [9] , and it performs the following calculation
where c k means the time ratio of V k with respect to the modulation period.
Therefore, the rotor position can be calculated from the inductance matrk. On the other hand, the motor current changes linearly as shown in Fig.2 . Since the motor current includes both harmonic and fundamental components, the two components should be separated from each other. The current we often use averaging When We need a typical value a variation for modulation period is shown by y1 = a, y2 = a, . . , Y n = a (13) ( 
5)
where Aio,. . . , Ai7 are the current variations for the intervals of to,. .. , t7, respectively. Assuming that the fundamental component changes linearly in a modulation p e riod, the harmonic component of the current variation can be separated by the following equation.
As a result, we can extract only harmonic components of the voltage and current vectors.
From (l) , a relationship between the harmonic compo nents of the voltage vector and the current variation vector is given by
Lumping the above equations together over a modulation period gives the following equation.
The equations are over-determined. The following equation in a matrix form is given by lumping the above equations toEet her.
A solution can be obtained by using the left pseudo inverse. The matrix-form equation is given by The left pseudo inverse gives a solution.
This coincides with the solution obtained from the method of least squares. The above consideration indicates that the inductance matrix obtained from (10) is an optimum solution in view of the minimum error square. Fig.3 shows experimental results of estimation errors at a standstill. A bullet and the corresponding vertical bar mean the average value and an existing range of estimated position, respectively, obtained from 15 trials at a rotor position. ~ These experimental results have demonstrated that the proposed approach has the capacity of estimating the rotor position with a error of less than 4" in electrical angle at a standstill. The average value of the estimation error is within 2", and the deviation from the average value is less than 3".
ANALYSIS OF ESTIMATION ERROR
In the proposed position estimation at a standstill, the inductance matrix and the rotor position are calculated from six current variation vectors Ail,. . . , Ai6, each digital signal of which is obtained by current sensors and A/D converters. Therefore, errors in the digital signals of the current variations cause an estimation error. This section analy~es the estimation error.
A. Resolution of A/D converters
All digital signals of the current variations contain a quantization error of A/D converters. Fig.4 shows an analytical result of the estimation error at 6 = 0, when a current error occurs in the 0-component of Ai: among the six current variation vectors. The current error is expressed as a percentage to the rated current of the tested motor. It is assumed that the average output voltage vector e is equal to zero vector. The list of Mathematica Notebook file for the analysis is shown in Fig.5 .
The analytical result illustrates that an estimation error of 5" in electrical angle is generated by a current error of 3% in only one digital signal among the 12 digital signals. The same analysis is performed, concerning the other 11 digital signals. It is confirmed that the estimation error in the case of Fig.4 is the largest among them. Since the quantization errors occur at random, all the estimation errors generated by each digital signal have the same polarity in the worst case. Therefore, it is considered that the sufficient condition for getting an accuracy of position estimation within 5" is that resolution of the A/D converters for current detection is less than 3%/12=0.25% of the rated current. In the experimental system, since the resolution of the A/D converters corresponds to 0.2% of the rated current, the analytical result almost coincides with the experimental result.
B. Magnetic saliency ratio
Although it can be understood easily that the position estimation based on magnetic saliency is not applicable to a cylindrical machine, no paper has discussed how much the magnetic saliency ratio is necessary to achieve the position estimation as far as the authors know. Here, we investigate a relationship between the magnetic saliency ratio and estimation error under the condition that a current error of -3% is included in Ai6p', which corresponds to Fig.4 . Generally, q-axis inductance of an IF' M motor is greater than d-axis inductance. Therefore, the magnetic saliency ratio is defined as L,/Ld. Fig.6 shows an analytical result of a position estima- tion error against the magnetic saliency ratio. A bullet in the figure indicates the tested motor with a magnetic saliency ratio of 1.65. As the magnetic saliency ratio d e creases, the estimation error increases and the estimation error amounts to 2 times at 1.25. If the ratio decreases from this point, the estimation error increases more and more, and it becomes impossible to estimate the rotor position in practice. On the other hand, even though the magnetic saliency ratio increases, the estimation error hardly decreases. For example, in order to get 2 times of estimation accuracy compared with that of the tested motor, we need a motor with a magnetic saliency ratio of 6.5. It is considered that the magnetic saliency ratio larger than 1.5 is enough to estimate the rotor position.
C. Gein error in current detection cixuit
At the time of detecting a digital signal of current variation, an error may be caused in a current sensor and a d e tection circuit along with a quantization error of the A/D converters. Fig.7 shows an analytical result and an experimental result in the case that gain of the a-& current detection circuit is 95% of that of the /?-axis. This result illustrates that a gain error of 5% generates a sinusoidal position estimation error having an amplitude of 3'. Moreover, coincidence between the analytical and experimental results shows propriety of this analysis. In a practical system, it is necessary to be careful of accuracy of the current sensors and the current detection circuits. 
Iv. PWM SCHEME USING REDUNDANT VOLTAGE

VECTORS
In order to perform precise position estimation, the authors have proposed a novel P W M scheme using redundant voltage vectors [7] . The average voltage vector during a modulation period can be expressed by Here; Ed means the dc link voltage of the inverter.
A. P WM pattern in lower-speed range
In order to calculate the inductance matrix L with enough accuracy, the harmonic voltage and current are desirable to contain various directional components. Fig.8 In Fig3 (a) , hatching indicates an area of the average voltage vector that can be produced by using the PWM pattern of Fig.8 (b) . It is shown that this PWM pattern can not be used in a higher-speed range in which an amplitude of the inverter output voltage is larger than half of the rated output voltage. Although the PWM pattern gives excellent position estimation characteristics in a lower-speed range, using only one PWM pattern consisting of six nonzero voltage vectors restricts to driving the IPM motor and estimating the rotor position in a higher-speed range.
.B. P WM pattern in higher-speed range Fig.9 (b) shows the PWM pattern used in a higher-speed range. The PWM pattern consists of 4 voltage vectors including a zero vector.
Therefore, we can obtain the right pseudo inverse as follows. Since 0 < G, e, has to be larger than &/(2&), which corresponds to a quarter of VI. In Fig.9 (a), hatching indicates an available area of the PWM pattern shown in Fig.9 (b) .
The PWM pattern of Fig.9 (b) is used when the phase of e-exists between 30" and -30". Six kinds of P W M patterns symmetrical to Fig.9 (b) are switched over every 60" in the phase of the average output voltage vector e as shown in Fig.10 . In this experiment, the P W M pattern of Fig.8 (a) is used in a speed range less than half of the rated speed, which corresponds to inside of a circle in Fig.10 . On the other hand, the switchover of the six symmetrical PWM patterns is used in a speed range more than half of the rated speed. In Fig.10, hatching Precise position estimation in a wide-speed range from zero to the rated speed can be realized by selecting one of Corresponding to the frequency command f*, the inverter voltage references, e : and e;, are generated, and the gate signals shown in Fig.8 and Fig.9 are synthesized by the proposed P W M control. On the other hand, the rotary encoder (RE), which is attached to the IPM motor, gives an actual position 0 and an actual speed w for measurement. Fig.12 shows waveforms of the actual position and the estimated position in electrical angle where the IPM motor is driven at a low speed of 90 rpm. In this case, the PWM pattern of Fig.8 is used. Fig.13 shows waveforms of the actual position and the estimated position at the rated speed of 1500 rpm. Here, the voltage-source inverter generates posed by the authors [7] [8]. Selecting one of seven P W M patterns expands the speed range capable of estimating the rotor position to higher-speed range. The PWM pattern is switched over, depending on an amplitude and phase of the average output voltage vector. The selection was implemented into a digital controller for an IPM motor (100 W), and the position estimation performance was tested.
V. SYSTEM CONFIGURATION
VI. EXPERIMENTAL RESULTS
As a result, experimental results demonstrate that the selection of the PWM pattern makes it possible to estimate the rotor position in a wide-speed range from zero to the rated speed.
